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PROLOGUE 
The ureter's apparent simplicity of function, in conducting urine from 
the kidney to the bladder, belies the complexity of the underlying physiologi¬ 
cal processes. The ureter is not a simple conduit, but rather a dynamic sys¬ 
tem whose muscular peristaltic contractions are responsible for the defini¬ 
tion and transport of a discrete urine bolus. 
Aristotle (384-322 B.C.) is generally considered to be the father of 
kinesiology, and his treatises on Parts of Animals, Movement of Animals, and 
Progression of Animals first described the action of muscles and attempted a 
geometrical analysis of the anatomy. Galen (131-201 A.D.) showed remarkable 
prescience in postulating a distinction between motor and sensory nerve path¬ 
ways and agonist-antagonist muscle pairs. Niels Stensen made the heretical 
claim, in 1690, that the heart is merely a muscle, and Glisson and Haller cor¬ 
rected an old misconception by asserting that muscles produce force by con¬ 
tracting, rather than expanding.(1,2) 
The era of dynamic experiments began serendipitously with Galvani's 
discharging of a condenser across a frog sartorius muscle in 1786. This, in 
turn, inspired Duchenne to stimulate every conceivable muscle and record the 
response.(3) 
More sophisticated instrumentation lead to the division of muscle 
physiology into macro and microscopic catagories. The former concerns the 
quantitative description of gross muscle behavior, with particular atten¬ 
tion to such properties as maximal force or intensity of the contractile 
state, elastic, viscous and plastic characteristics, the dependence of ac¬ 
tive (contracting) and passive (resting) tension upon the length, and the 
time course of each of the above. These are thought to reflect the inotro- 
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pic. or contractile state of the muscle. 
Microscopic investigation deals with the contractile mechanism of the 
individual muscle fibril, seeking to elucidate the electrical, biochemical 
and ultrastructural basis of muscular activity. Ultimately, the hope is to 
reconcile macroscopic properties and in situ behavior with ultrastructural 
and biochemical observations. 
It is worthwhile to briefly review our current understanding of mus¬ 
cle contractility. The seminal works by Hill, Starling, Frank, Katz and 
others were based on striated and cardiac muscles, which were found to be 
composed of small, individual fibers called myofibrils. These are organized 
in a regular, repeating pattern of bands called sarcomeres, which are dis- 
cernable with the light microscope.(4) These bands, which are not seen in 
smooth muscle, represent interfaces and overlaps between interdigitated 
"heavy" and "light" protein chains of myosin and actin, respectively. (5,6) 
Figure 1 schematically illustrates these elements of muscle structure. 
Current evidence suggests that muscle tension during contraction is the re¬ 
sult of an ATP-dependent reaction forming "crosslinks" between the actin 
and myosin contractile proteins. This "grappling" action causes the fila¬ 
ments to slide past one another thereby shortening the sarcomere, myofibril 
and, ultimately, the entire muscle length (see Figure 1).(7-10) 
The process is calcium dependent, with Ca++ depletion and antagonists 
such as lanthanum, manganese and verapamil inhibiting contraction.(11,12) 
In skeletal and cardiac muscle, the Ca++ is believed to have a permissive 
effect by binding with troponin and thus effecting the displacement of the 
troponin-tropomyosin regulator protein. This allows the actin and myosin to 
(2) 

FIGURE 1 
Organization of a skeletal muscle fiber, composed of a number of 
fibril surrounded by the sarcolemma membrane. Each fiber, in turn, 
is invested with the sarcoplasmic reticulum. The Z line represents 
the abuttment of adjacent fibrils, and the A band shows that inter- 
digitation of the actin and myosin filaments. 
Z line 
Extracellular space 
Contraction 
Schematic of muscle contraction. 
Calcium ions, represented by the 
stipple, are released by an ac¬ 
tion potential. The actin and 
myosin interact, in the presence 
of ATP, thus shortening the fibril 
(seen as the distance between ad¬ 
jacent Z lines) and causing con¬ 
traction of the entire musc.e. 
(3) 

interact.(13-17) This Ca++ comes from the external environment of the muscle 
cell and from intracellular binding sites such as the sarcoplasmic reticu¬ 
lum. (11) 
(4) 

PROPERTIES OF THE URETER- MICROSCOPIC 
I. Electrical 
This general introduction is intended to facilitate the understanding 
of the special properties of the ureter. On first inspection, its electrical 
activity seems analogous to that of other forms of muscle. Selective membrane 
K+ and Na+ impermeability are responsible for maintaining a resting trans¬ 
membrane potential of -40 to -70 millivolts in the ureteral smooth muscle 
cel 1.(18) A suprathreshold stimulus causes an increase in the Na+ and Ca++ 
permeability which results in the depolarization of the cell membrane. In 
+ + 
contrast to skeletal and cardiac muscle, it appears that Ca plays a much 
more important role in determining the ureteral action potential, since in¬ 
hibition of Na+ currents with tetrodotoxin does not affect the ureteral ac¬ 
tion potential.(11,18,19) The ureteral action potential also persists in a 
Na -free solution that contains supplemental Ca and interference with Ca 
influx by MnCl^ inhibits the action potential.(19-21) 
II. Pacemaker 
There is strong electrical and morphological evidence for the exis¬ 
tence of a ureteral pacemaker at the extreme proximal end of the ureter.(22- 
33) In a manner analogous to the sino-atrial node of the heart, these pace¬ 
maker cells show a spontaneous discharge or "decay" of their negative 
resting potential, and so initiate a peristaltic wave.(34-36) 
To extend the analogy with the heart, the ureter also appears to have 
several potential or latent pacemaker sites, in addition to the primary pace¬ 
maker. Division of the midureter does not change the normal propagation of 
peristaltic waves from the proximal end, but does result in antiperistalsis 
of the distal segment from a latent pacemaker site at the ureterovesical 
junction.(32,37) 
(5) 

III. Ureteral Innervation 
The persistence of antegrade ureteral peristalsis after transplanta¬ 
tion or after reversal of a ureteral segment, and the presence of spontaneous 
activity in isolated in vitro segments suggest that nervous integrity is not 
essential for ureteral function.(38-40) Furthermore, discrete neuromuscular 
junctions have not been observed in the ureter, where most axons synapse on 
blood vessels, rather than muscle cells. 
While some groups have reportedly augmented peristalsis with choli¬ 
nergic stimulation, others have observed no effect.(41,42) The role of ad¬ 
renergic innervation is equally equivocal. Various experiments have shown 
splanchnic nerve stimulation to increase, decrease or have no effect on ure¬ 
teral peristal sis.(41-47) 
Thus, it does not seem that cholinergic or adrenergic stimulation alone 
is essential for proper ureteral peristalsis. However, various adrenergic in¬ 
terventions have been shown to modify the contractile behavior of ureter elec¬ 
trically stimulated to provide constant, reproducible contractions. Norepi¬ 
nephrine increases the force of contraction.(48) Administration of norepi¬ 
nephrine to segments pre-incubated in phentolamine produces a diminution of 
contractile force.(43,49) This could be due to norepinephrine stimulation 
of inhibitory p receptors whose activity is ordinarily masked by much stronger 
a effects of the drug. Propanolol also potentiates the excitatory effects of 
norepinephrine.(48) 
As expected, a p agonist, like isoproterenol, depresses contractility, 
an effect that can be partially blocked by propanolol.(48) These observations, 
which are in accord with the findings of Deane and Mai in, suggest the presence 
(6) 

of a excitatory and ft inhibitory adrenergic receptors in the ureter.(50,51) 
Furthermore, McLoed, Reynolds and Swan, and Rose and Gillenwater have cor¬ 
roborated these findings in vivo.(52,53) 
By using high frequency, short duration stimuli designed to selective¬ 
ly stimulate nerve, rather than muscle, Weiss demonstrated the ability of in¬ 
trinsic ureteral adrenergic tissue to affect ureteral contractions.(48) 
In summary, evidence has been presented both for and against a role 
for the autonomic nervous system in the control of ureteral peristalsis. How¬ 
ever, the preponderance of data suggests that adrenergic receptors, while not 
obligate participants in initiating contraction, can modify the force of that 
contraction. The role of this mechanism in vivo is unknown, as are the choli¬ 
nergic effects on the ureter. 
IV. Summary 
Thus, the spontaneous decay of the resting potential of pacemaker 
cells in the proximal portion of the renal collecting system leads to the 
development of a relatively slow action potential spike. This is attended by 
the influx of Ca++ from the external solution and, presumably, the release 
of Ca++ from the sarcoplasmic reticulum. The ionic calcium interacts with the 
contractile proteins permitting, in the presence of ATP, actin-myosin 
bridging which results in a muscle contraction. This activity can occur with¬ 
out nervous stimulation, which may, however, affect the force of the contrac¬ 
tion. 
(7) 

PROPERTIES OF THE URETER-MACROSCOPIC 
The study of muscle's macroscopic properties has not been as co¬ 
herent and well organized. A means of defining the unique functional 
state of a particular muscle, in terms of easily observable properties 
such as dimension, muscle area, active (contractile) and passive (resting) 
tension, plasticity, elasticity and viscosity is needed. There has been 
considerable disagreement on how this is best accomplished. Obviously, sim¬ 
ple measurements of dimension do not reveal much about a muscle's contrac¬ 
tile potential. Sonnenblick's work on cardiac muscle posits two possible 
indicators of the inotropic state.(54) One is the force-velocity relation¬ 
ship, characterizing the mutual dependence of force and velocity during con¬ 
traction. The other is the length-tension plot, relating contractile force 
to muscle length immediately prior to contraction. The two plots are com¬ 
plementary in that they provide information about different aspects of mus¬ 
cle behavior, and both are probably needed to fully describe the muscle. 
Force-velocity curves are generated by afterloaded contraction ex¬ 
periments involving both isometric and isotonic contraction. The method is 
illustrated in Figure 2. When the muscle is stimulated, it contracts iso- 
metrical ly until its force exceeds that of the afterload weight. Then, the 
contraction continues isotonically. By varying the afterload, inferences 
can be made about arrangements of series and parallel elastic, viscous and 
contractile elements, which can be used to model the muscle.(55) Also im¬ 
portant is the maximum velocity of contraction (Vmax) which is obtained by 
extrapolating the force-velocity curve back to zero load (as seen in Figure 
2). Sonnenblick holds Vmax to be a unique index of a muscle's functional 
(8) 
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FIGURE 2a 
d e 
preload 
afterload 
The experimental set-up for force- 
velocity studies is shown at left. 
Muscle length with preload is fixed 
with lower stationary support. Con¬ 
traction is isometric until panel e_ 
where the muscle force exceeds the 
afterload and the contraction pro¬ 
ceeds isotonically. The experiment 
is usually done with various after¬ 
loads to generate a plot such as that 
shown in Figure 2c. 
FIGURE 2b 
FIGURE 2c 
^ extrapolate to Load= 0 
to obtain Vmax 
LOAD (g) 
Hill 
model 
Voight 
model 
Maxwel1 
model 
Engineering models of muscle. The two 
element Hill model at left is too sim¬ 
ple to account for many observations. 
Three element models describe muscle 
mechanics more accurately, but Vmax 
does not necessarily egual the velocity 
of the contractile element. 
SE- series elastic element 
PE- parallel elastic element 
CE- contractile element 
Force-velocity plot obtained by 
Sonnenblick. Note that varying the 
load does not affect Vmax, as de¬ 
termined by extrapolation to the 
ordinate. This was interpreted 
as meaning that Vmax was an in¬ 
dex of the muscle's contractile 
state, unaffected by non-inotro- 
pic interventions. 
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state, influenced only by inotropic factors and insensitive to variations 
in fiber length.(56,57,58) 
A.V. Hill provided the rationale for such a conclusion by proposing 
the two element model seen in Figure 2b. During isotonic shortening, the 
force on a series elastic element is constant (and egual to the load) and 
hence, Vmax is equal to the velocity with which the contractile element (CE) 
shortens. This is, by definition, an inotropic index, (59) Pollack critic 
cized this two element model as overly simplistic, and showed that for any 
combination of parallel elastic elements, Vmax is no longer a simple func¬ 
tion of the CE,(55) Nevertheless, under may experimental conditions, Vmax 
remains a sensitive indicator of the muscle's state, 
However, although Vmax and the force-rvelocity curve are valuable in 
evaluating pharmacologic interventions, they are difficult to relate to the 
in vivo function of a muscle; that is, its adaptation to stress and deforma¬ 
tion. For this purpose, the length-tension relationship may be more useful, 
Obstruction, vesicoureteral reflux and diuresis deform and affect muscle 
fiber length and may thus change the ability of the ureter to contract. This 
modulation of contractile force by the initial, or resting length is des¬ 
cribed by the length-tension curve, 
In practice, length-tension relationships are easily obtained, A seg¬ 
ment of muscle is stretched to a given length between a fixed hook and a ten¬ 
sion transducer (which is essentially a Wheatstone bridge with a piezoelec¬ 
tric element), The muscle's length is varied in a stepwise fashion, and the 
force of spontaneous or electrically induced contraction is recorded at each 
length, Care must be taken to select a strong enough stimulus to depolarize 
(10) 

FIGURE 3 
Schematic of apparatus used in length- 
tension experiments. Tension is moni¬ 
tored with the transducer connected to 
the polygraph. Length can be varied 
precisely with the worm and pinion 
microscope mount which has a vernier 
scale. 
Grass model 7 polygraph 
Detail of Bath 
longitudinal circumferential 
segments rings 
**— 1 mi n 
A sample record from a length-tension study showing a stretch at point A 
and the effects of stress relaxation. The spikes, occurring at 30 second 
intervals, are active contractions produced by square wave pulses from 
the stimulator. Note the increase in active force as stress relaxation 
occurs. 
(id 

or "fire" all fibers simultaneously. The effect of stress relaxation 
(Figure 3) must also be appreciated. The decay of resting tension with 
time, perhaps due to the slow release of viscous elements, is accompa¬ 
nied by a concomitant increase in active force. For purposes of standardi¬ 
zation, the length is usually represented as a percentage of the reference 
(in situ) length. 
Length-tension relationships have helped explain the response of 
uterine smooth muscle to deformation as a fetus moves through the birth 
canal and the mechanism of cardiac compensation in which a dilated heart 
can increase its strength of contraction. In fact, Frank and Starling's 
Law of the Heart is one of the first descriptions of the length-tension 
dependence.(60) 
Investigation of the mechanical properties of muscle has proceeded 
in a rather haphazard manner. Sonnenblick and Hoffman have studied the 
heart, Little, the frog gastrocnemius, and other investigators have tested 
a variety of muscles.(57,61-63) 
Weiss, et al, first reported the length-tension relationship for the 
ureter.(64) Resting tension increased at a progressively increasing rate with 
muscle lengthening. Active, or contractile, force also increased as the mus¬ 
cle was stretched until a maximum was reached. At this point, further 
stretching produced a progressive diminution of force. This is analogous to 
the "over the hill" region in Starling's description of the heart, and that 
noted in skeletal, cardiac, vascular, uterine, vesicular and intestinal 
smooth muscle.(65-74) However, in contrast to skeletal or uterine and 
tracheal smooth muscle, the ureter's resting tension was elevated at the 
(12) 

length at which peak active tension occurred.(65,70,75) Guinea pig taenia 
coli, vascular and vesicular smooth muscle is similiar to the ureter in this 
respect.(69,72,76) 
At any given length, the ureter's resting tension was less during 
shortening than during lengthening. This type of "hysteresis loop" is also 
characteristic of skeletal, cardiac and other smooth muscles.(68,69,74,77,78) 
However, active force was greater during shortening, at a given length. This 
is similiar to the heart, but contrary to the behavior of other smooth mus¬ 
cles .(61,67-69,79) 
Impaired ureteral peristalsis, resulting from primary ureteral 
pathology, obstruction or vesicoureteral reflux, can damage the renal paren¬ 
chyma .(80-82) Alleviating the reflux or obstruction may cause some improve¬ 
ment in ureteral function, but often, the dilated ureter has decompensated 
beyond repair. Attempts have been made to replace such ureters with ileal 
segments, but such operations may be complicated by fistula formation and 
electrolyte absorption by the ileal mucosa.(83,84) Hendren has attempted to 
surgically "taper" the dilated ureter, but this too can cause fistulae and 
obstruction.(85) 
The nature of the ureteral changes attending obstruction have not 
been adequately studied. Rose and Gillenwater examined the effects of acute 
and chronic obstruction, concluding that a chronically obstructed ureter 
contracts less forcefully than a normal ureter, and that this weaker contrac¬ 
tion cannot raise the intraluminal pressure sufficiently to propel the urine 
bolus.(86) Biancani, et al, studied the time course of ureteral change with 
obstruction.(87) They found a rapid increase in ureteral pressure during the 
(13) 

first three hours after the onset of obstruction. Then, there was a gradual 
decrease, throughout the balance of the first day of obstruction, to low 
values. These low pressures were subsequently maintained throughout the 
eight days over which the animals were observed. Decreased blood flow and 
elevated intratubular pressures in the obstructed kidney probably caused a 
decrease in the G.F.R., and hence, urine production, which contributed to 
this stabilization.(88,89) 
Clinically, obstruction may be partial or complete, acute or chronic. 
The mechanical changes of partial obstruction have not been studied. Gee 
and Kiviat found hyperplasia and hypertrophy of ureteral musculature after 
two weeks of partial obstruction.(90) While this seems difficult to reconcile 
with Rose and Gi11enwater1s results, the discrepencies may be due to the de¬ 
gree and duration of the obstruction. 
At present, it is clear that a ureter dilated from obstruction or vesi¬ 
coureteral reflux may not satisfactorily perform its function of propelling a 
urine bolus from the kidney to the bladder, even after the obstruction is re¬ 
lieved. The reason for this remains obscure. To help answer this question, the 
length-tension characteristics of partially obstructed ureters were deter¬ 
mined and compared with those of the normal ureter. This was done bidimensional- 
ly because although the ureter does not have discrete longitudinal and cir¬ 
cumferential muscle layers like the intestine, it does contract in both dimen¬ 
sions, and this may be important for proper peristalsis. 
(14) 

METHODS 
New Zealand white rabbits (2 kg.) were anesthetized with pentobarbital 
sodium and the ureterovesical junctions were exposed through a midline, su¬ 
prapubic incision. One ureter was partially obstructed by tying a ligature 
around the ureter and an 18 guage needle placed parallel to it. After tying 
the knot, the needle was withdrawn. The efficacy of the procedure and the ex¬ 
tent of obstruction were confirmed with intravenous pyelography, and the ani¬ 
mal was given 1,000,000 I.U. of procaine penicillin. 
Two weeks later, both ureters were re-exposed through a midline, trans- 
peritoneal approach and the in situ length and diameter of both ureters were 
determined. The entire in situ length was measured by tracing the ureter's 
course with a silk thread which was subsequently measured. The mean of three 
readings from each ureter was recorded, and the maximum variation was 0.2 cm. 
for any given ureter, or approximately 2% of the total ureteral length. In vivo 
diameter was measured in the midportion of the ureter using a microscope with 
a calibrated ocular. The abdominal cavity was filled with Tyrode's solution to 
minimize the effect of gravity which tends to force the ureter to assume an 
elliptical shape. Two 4-0 silk threads were tied around the midportion of the 
ureters, approximately 2 cm. apart, and the length of the segment was deter¬ 
mined. The isolated pieces of ureter were then removed, emptied of urine, and 
mounted in a chamber continuously perfused with oxygenated Tyrode's solution 
containing (in millimoles/liter): NaCl 137; NaHC03 12; NaH2P04 1.8; KC1 2.7; 
CaCl2 2.7; glucose 5.5; MgCl2 0*5. It was equilibrated with 95% O2 and 5% CO2 
giving a pH of 7.2 at 37°C. One end of the seqment was attached to a fixed 
hook at the bottom of the chamber, and the other end was fastened to a Stat- 
ham tension transducer (model UC-2) mounted on a helical gear and pinion de- 
(15) 

vice with a vernier scale which permitted accurate adjustment of muscle length 
Contractions were elicited by electrical stimuli of 750 milliseconds duration, 
150 volts, delivered by a Grass S44 stimulator. The single pulse stimuli were 
applied, at 30 second intervals, transversely across the preparation through 
parallel platinum plate electrodes with a surface area of 180 mm^, This re¬ 
sulted in an 80 milliamp current, as determined with a Tektronix DC coupled 
current probe. The polarity of alternate pulses was reversed to prevent polari 
zation effects at the electrodes and to elicit maximal response. Tension was 
recorded on a Grass model 7 polygraph and active and resting forces were mea¬ 
sured 10 minutes after each stretch to allow for stress relaxation. 
For the circumferential experiments, the ureter was measured in situ, 
as before, then removed and stretched to the in situ length on a paraffin 
block. The muscle was cut into rings 1,7 mm. wide with parallel razor blades 
held in a special jig. The rings were mounted in the bath, with the hooks 
passing through the lumen, and perfused as before, Stimuli of 150 volts and 
750 milliseconds were applied through platinum rod electrodes, resulting in a 
current of 40 miniamps. The ureteral rings could not be observed while in the 
bath and were therefore stretched to 50 mg, of tension which approximated the 
in vivo dimensions. 
To determine ureteral cross-sectional area, a separate sample of con¬ 
trol and obstructed ureters were frozen in vivo with liquid Freon. The fro¬ 
zen specimens were mounted on a Cryotome and serial cross sections were cut, 
stained and projected with a projecting microscope at SOX magnification. The 
cross-sectional areas of the muscle and urothelium were measured with a plani- 
meter and expressed as the mean ± the standard error of the mean (SEN). Sta- 
(16) 

tistical analysis was performed with Student's t-test. The measurements re¬ 
ported represent the mean of the combined data obtained from left and right 
ureters. 
(17) 

RESULTS 
In vivo length of the entire ureter, in vivo diameter and cross-sec¬ 
tional area of the muscle and urothelium are shown in Figure 4. After two weeks 
of obstruction, the length increased by 24% from 82.3 4 1.7 mm. to 102 +4.4 
mm. (p< .001) and the diameter increased by 100% from 1.94 4 .05 mm. to 3.90 
4 .17 mm. (p< .001). It should be noted that these diameters include the adven¬ 
titia around the in vivo ureter, and in the case of the obstructed ureter, the 
urine within its lumen. After two weeks of obstruction, the combined cross- 
sectional area of the muscle and urothelium increased by 209% from 0.58 4 .04 
mm2 to 1.79 4 .32 mm2 (p< .005); the cross-sectional area of the muscle by 
248% from 0.27 4 .02 mm2 to 0.94 4 .29 mm2 (p< .05); and the cross-sectional 
area of the urothelium by 174% from 0.31 4 .02 mm2 to 0.85 4 .13 mm2 (p< .001). 
Longitudinal Segments 
Figures 5a and 5b show the resting and active force, respectively, 
of control and obstructed ureters as a function of the length of the entire 
ureter. At the in vivo length, the resting force of the control and obstruc¬ 
ted ureters was 0.25 - .034 and 0.258 4 .033 gm., respectively (Figure 5a). 
The in vivo length of the control ureters was 82.3 4 1.7 mm. and the in vivo 
length of the obstructed ureter was 102 4 4.4 mm. A similiar shift was ob¬ 
served in the whole force-length curve. At comparable loads, however, the 
percent increase above the in vivo length was similiar for both curves. 
The active force-length curves for obstructed and control ureters 
are shown in Figure 5b. The force developed in response to electrical stimu¬ 
lation initially increased with lengthening until a length was achieved at 
which contractile force reached a maximum. With further lengthening, de- 
(18) 
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FIGURE 5a 
PASSIVE FORCE-LENGTH 
Resting force-length curve of control and obstructed ureters. Open 
circles show data from obstructed ureters; closed circles show data 
from control ureters. Above the in vivo length, resting tension rises 
rapidly and is much greater than the active force (see Figure 5b), 
Each data point represents the mean of 10 animals. 
(20) 

FIGURE 5b 
ACTIVE FORCE-LENGTH 
Active force-length curves of control and obstructed ureters. Open 
circles show data from obstructed ureters; closed circles show data 
from control ureters. At the in vivo lengths, the active force de¬ 
veloped by the obstructed ureters is less than that of the controls. 
At the length of maximum active force development, which is 1.4 times 
the in vivo length for both groups, the force produced by the ob¬ 
structed ureters is 3.5-fold greater than that of the controls. Each 
data point represents the mean of 10 animals. 
(21) 

veloped force decreased. At their respective in vivo lengths, the active 
force developed by the obstructed ureter was less than that developed by 
the control (p< .001). The length of maximum active force development did 
not coincide with the in vivo length, but occurred at approximately 1.4 
times the in vivo length for both control and obstructed ureters. At the 
length of maximum force development, the force developed by the obstruc¬ 
ted ureter was 3.5 fold greater than that of the control (p< .01). 
Circumferential Rings 
The passive and active length-tension curves for the ureteral rings 
are shown in Figures 6a and 6b. Here, length is recorded as the actual 
length (in millimeters), rather than a percentage of the in situ length, 
as was done with the longitudinal segments. This was necessary because the 
inner diameter of the rings could not be accurately measured in the bath. 
The initial length was taken to be the point at which the muscle ring de¬ 
veloped 50 mg. of passive tension. This length approximates the in situ 
length. At that initial length, the mean resting tension for the control 
rings was 0.022 ± .00035 gm., which is not significantly different from the 
obstructed mean of 0.029 t .0002 gm. As the muscle ring was stretched, the 
passive tension of both groups increased at an increasing rate, which ap¬ 
proximated a logorithmic progression. 
The length-active tension curves of the control and obstructed ure¬ 
ters are shown in Figure 6b, Their sigmoid shape is similiar to that of 
the longitudinal segment length-tension curves. The strength of the con¬ 
traction produced by electrical stimulation again increased with length until 
a peak was reached, Further stretching beyond this point caused a progres- 
(22) 

FIGURE 6a 
Resting force-length curves of control and obstructed ureteral rings. Open 
circles show data from obstructed ureters; closed circles show data from 
control ureters. Above the initial length (passive tension = 50 mg.) the 
resting tension rises rapidly, in an approximately logorithmic progression. 
Obstructed data points represent the mean of 30 ureteral rings, the control 
points represent the mean of 25 rings. 
(23) 

FIGURE 6b 
1.5 
ACTIVE FORCE-LENGTH 
3 H 
LENGTH (mm) 
Active force-length curves of control and obstructed ureteral rings. Open 
circles show data from obstructed ureters; closed circles show data from 
control ureters. At the length of maximum active force development, the 
force developed by the obstructed ureters is two-fold greater than that of 
the controls. Obstructed data points represent the mean of 30 ureteral 
rings, the control points represent the mean of 25 rings. 
(24) 

sive decrease in contractile force. At the initial lengths (passive ten¬ 
sion = 50 mg.), the active tensions for both the control and obstructed 
groups are small and not significantly different. For the control rings, 
the peak active tension occurred at a length of 1.9 mm., while the ob¬ 
structed group peaked at 7.0 mm. The mean peak tension of the obstructed 
rings was 1.55 - 0.69 gm. This is approximately twice the peak value for 
the control group; 0.765 ± .108 gm. This difference is significant at p< 
.001, and parallels the difference seen in the longitudinal ureteral seg¬ 
ments . 
Figure 7 shows representative histologic cross-sections of ob¬ 
structed and control ureters. Notable are the gross dilation of the ob¬ 
structed specimen and its paucity of mucosa. This contrasts the control 
sample whose mucosa can still coapt to effectively occlude the lumen of 
the ureter. 
(25) 
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FIGURE 7 
Figure 7 shows representative histological sections of control and 
obstructed ureters. Note the relative paucity of mucosa in the lumen 
of the obstructed ureter. This may preclude effective closure of the 
lumen to prevent a refluxing action. 
(26) 

DISCUSSION 
Two weeks of partial obstruction causes changes in the dimensions and 
contractile properties of the ureter. These changes occur bidimensionally, 
in longitudinal and circumferential orientations, and are similiar in both 
dimensions. 
After two weeks of partial obstruction, there was a 24% increase in 
in vivo length, a 100% increase in in vivo diameter, and a 248% increase in 
the cross-sectional area of the muscular layer. This is in accord with the 
findings of Gee and Kiviat, who attributed this increase to muscle cell hy¬ 
pertrophy and hyperplasia, as well as a proliteration of connective tissue 
elements.(90) 
Concurrent with these dimensional changes were alterations in the 
contractile properties. For the longitudinal segments, the control ureters 
developed greater force at the in vivo length. However, at the length at 
which maximum active tension occurred, the obstructed ureters contracted 3.5 
times more forcefully than the control group. The actual length of the ob¬ 
structed ureter at this peak active tension was greater than the control, 
but if length was expressed as a percentage of the in vivo lenqth, maximum 
active tension for both groups occurred at 1.4 times the in vivo length. 
This optimum contraction occurred at markedly elevated passive tensions for 
both control and obstructed ureters. 
Obstructed and control ureteral rings contracted with comparable 
force near the in vivo length. Thus, they did not show the difference seen 
in the longitudinal segment experiments at such lengths. 
Rings from obstructed ureters reached peak contractile potential at 
longer lengths than did control rings. At the length of maximum active ten- 

sion development, the obstructed rings contracted twice as forcefully as the 
controls. As with the longitudinal segments, this occurred at elevated pas¬ 
sive tensions. 
This augmentation of contractile force by two weeks of partial ob¬ 
struction is consistent with an increase in cross-sectional muscle area. 
Gabella has reported increased muscle cell size and number in obstructed 
ileum.(91) Similiar changes in the ureter could account for the increased 
cross-sectional muscle area and the commensurate increase in contractile 
force. 
While two weeks of obstruction increased, rather than decreased, the 
ability of the ureter to contract, this potential was only realized at 
lengths considerably greater than the in vivo length. Such extended lengths 
are not realized in the physiological situation, and, in fact, the longitu¬ 
dinal segments contracted less strongly at the in situ length. 
Thus, the inability of the ureter, dilated by obstruction, to propel 
a urine bolus cannot be explained by simple muscle atrophy or decompensation. 
To some extent, the LaPlace phenomenon may account for the poor propulsive 
action of the obstructed ureter. According to this relationship, an obstruc¬ 
ted ureter with a two-fold dilation of its diameter would have to contract 
twice as forcefully to achieve an intraluminal pressure comparable to the 
control. The ureter is thus theoretically capable of generating sufficient 
force, but again, this can occur only at unphysiologic lengths. 
Finally, the ability of the ureteral mucosa to effectively occlude 
the lumen may be necessary for proper ureteral function. From the histo¬ 
logical sections, it is clear that the ureter dilated by obstruction can- 
(28) 

not occlude its lumen. 
Thus, despite the potentially greater contractile ability, the ob¬ 
structed ureter cannot propel a urine bolus from the kidney to the bladder, 
This is not due to muscle atrophy, but may be caused, in part, by the geo¬ 
metrical consequences of dilation which preclude effective closure of the 
lumen and increase the requisite contractile force according to the LaPlace 
relationship. 
Hopefully, this demonstration of the obstructed ureter's ability to 
contract, and theoretically fulfill the LaPlace condition, will encourage 
further research into methods of ureteral reconstruction, Such procedures 
might elicit better performance from the obstructed ureter under more fa¬ 
vorable geometric conditions. 
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